original protamines is very low, and, after treatment with the enzyme and removal of the arginine, this ratio was practically unchanged. They concluded, therefore, that proline forms one of the terminal radicals of each of these protamines, and that the enzyme hydrolyzes arginine groups only from the free carboxyl end of the peptide chain. The total length of the chain was estimated from a consideration of the amino acid composition; in the case of clupeine it was found that the chain probably contains 14 peptide bonds. The presence of 15 amino acid radicals implied a minimal molecular weight of the order 2000 for this protamine. Svedberg and Sjogren, at the request of these authors, conducted an investigation of the molecular weight of clupeine and salmine by the ultracentrifuge method, and obtained results indicating that this lies between the limits 1700 and 3000.
Clearly, therefore, the protamines clupeine and salmine are relatively simple substances and the evidence strongly supports the view that they are polypeptides of a size commensurate with the largest that have been obtained synthetically by Fischer and by Abderhalden. Although much remains to be done with respect to the demonstration that preparations secured from natural protamines are homogeneous, and also with respect to the sequential arrangement of the radicals in the chain, it seems that one of the outposts of the problem of protein structure has finally capitulated.
Molecular Weights of Proteins. During the past five years Svedberg, with the assistance of a number of collaborators, has developed two new methods for the direct determination of the molecular weight of proteins. One of these depends upon the measurement of the rate at which the protein molecules are sedimented when the solution is exposed to a very large gravitational field in a specially constructed centrifuge. According to the other method the molecular weight is calculated from the distribution of the protein in the solution when this is centrifuged at such a speed that a condition of equilibrium is set up between the displacement of the molecules in the gravitational field and their movement due to normal diffusion. Both of these methods have been applied to a number of proteins and the results have led to an extraordinarily suggestive generalization, the precise meaning of which, however, is still not entirely clear. A summary of much of Svedberg's data is given in Table I . It is obvious that the molecular weights of egg albumin, hemoglobin, and serum albumin are almost exactly in the ratio of 1: 2: 3, of their being obtained in a condition of approximate purity, possess molecular weights that are closely related to each other, each being multiples by the integers 1, 2, 3, or 6 of the quantity 34,500.
Svedberg has extended his observations to the behavior of proteins in solutions at reactions removed from the isoelectric point. He found that the molecular weight remained the same over a considerable range of reaction, serum albumin, for example, being stable within the range pH 4 to 9, edestin from its isoelectric point at pH 5.5 to about pH 10, and hemoglobin between the limits pH 6 to 8.
At reactions appreciably outside of the stability region a splitting of the large molecules into smaller fragments occurred. This decomposition was by no means haphazard, however; the size of the fragments was integrally related to the size of the original molecule. Excelsin at pH 11.9 was completely dissociated into molecules of one-sixth the size of the normal, legumin at pH 9.3 was partly decomposed into molecules of one-half the normal weight, edestin solutions at pH 11.3 contained molecules of one-half and one-third the normal, together with molecules of the normal weight. Ovalbumin is stable between pH 4 and 9 but, at somewhat more alkaline reactions, a partial decomposition to products too small to be centrifuged occurred, the change being very extensive beyond pH 11. Below pH 3 the rate of sedimentation increased, probably due to the formation of larger aggregates of denatured protein. One of the most striking observations was that these decompositions were, in some cases, and within certain limits, reversible. If the reaction was. restored to the range of stability reformation of molecules of normal molecular weight occurred.
As a result of these findings Svedberg has suggested that proteins, in solution, are dispersed into molecules of molecular weights. that are, in general, multiples by 1, 2, 3, or 6 of 34,500.* These molecules undergo more or less complete decomposition in alkaline solutions into fragments that bear an integral relationship to each other with respect to weight, and this decomposition, in some cases, at least, is reversible. This generalization is one of the most extraordinary accomplishments of recent years; it implies that there is a definite and hitherto unsuspected type of structural organization common to many, if not all, proteins. Svedberg's work has pro-vided students of protein chemistry with an altogether fascinating theme for investigation.
Adair and Robinson2 have determined the molecular weights of serum albumin and serum globulin by the osmotic pressure method. They obtained a value 72,000 ± 3000 for the albumin, in good agreement with Svedberg's, but their value of 175,000 + 17,000 for serum globulin is appreciably higher than his. The explanation of this discrepancy is yet to be obtained.
Another contribution that bears upon this problem of the size of protein molecules is the work of Burk and Greenberg8 on the osmotic pressure of proteins dissolved in concentrated urea solution. These investigators found that casein exerts an osmotic pressure in 6.66 M urea such that the apparent molecular weight is 33,600 + 500. No evidence with regard to the homogeneity of such solutions can be secured by this method, consequently this figure merely represents the average size of the molecules. The correspondence with the weight of the "Svedberg unit" is strikingly suggestive however.
Hemoglobin was found to consist of particles of weight 34,300 in urea solution, but possessed its normal weight (66,500) when dissolved in 6.5 M glycerol. The protein, after recovery from the urea solution, was found to be denatured, that recovered from the glycerol solution was not. The conclusion was therefore drawn that the denaturation of hemoglobin involves a splitting of the molecule into two parts of equal weight. Egg albumin was likewise found to be denatured after dissolution in 6.66 M urea but, in this case, no change in particle size occurred. The osmotic pressure observed corresponded to a molecular weight of approximately 33,600. Edestin, like hemoglobin, was found to undergo decomposition at reactions more acid than the isoelectric point, with corresponding increase in osmotic pressure. From pH 5.7 to 8.9 the pressure was constant and corresponded to a molecular weight of 49,500 + 700. This observation suggests that edestin which, according to Svedberg and Stamm8" has a molecular weight of 212,000 ± 10,000, is split, in urea solution, into particles with an average molecular weight of one-quarter the normal size, and thereby provides what is apparently an exception to Svedberg's rule. Svedberg has found no case in which fission of the molecule into partides of one-quarter or onefifth of the original molecular weight occurred. It must be remembered, however, that osmotic pressure measurements, provide no evidence of the homogeneity of the solution. Although the particles in Burk and Greenberg's solutions possessed an average molecular weight of 49,000, obviously a fission of the edestin molecule into equal numbers of particles of weight 34,500 and 69,000 might have occurred and remained undetected. Examination of urea solutions of edestin in the ultracentrifuge will alone give evidence on this point.
The work of Burk and Greenberg furnishes interesting support to Svedberg's view that the protein molecule is composed of units of molecular weight close to 34,500. The ease with which disaggregation can be brought about, and the reversibility of the change in certain cases, suggest a type of combination between the units other than by such a linkage as the peptide bond. Investigations of proteins conducted from an entirely different point of view have recently shed considerable light on this aspect of the problem.
X-Ray Interference Diagrams. In 1923 Brill' observed that an X-ray interference pattern could be obtained from silk fibroin. At that time he drew deductions with regard to the structure and molecular weight of the protein of silk that have not met with general acceptance, but the fundamental observation has remained as a challenge to speculation. Recently7 he has shown that no evidence of crystalline structure can be detected in the contents of the spinning gland of the silkworm until the fluid has been allowed to dry; an interference diagram is then obtainable. Whether or not these diagrams are referable to a truly crystal structure, they demonstrate the existence in silk of a regularly disposed structure of atoms.
Ott"4 has reported that X-ray interference diagrams can be secured from a suspension of crystalline egg albumin in ammonium sulfate, provided due consideration is given to the special difficulties presented by this material. This observation is perhaps more readily explicable than the observations on silk fibers; the crystals of egg albumin have long been regarded as being analogous to the crystals of other and simpler substances.
Astbury and Woods3 have employed the X-ray diffraction method in a study of wool fibers, both in the normal and in the stretched condition. The normal fiber exhibited a spacing of 5.15 A along the fiber axis with true side spacings of 9.8 A and 27 A. If the fiber is observed during stretching in the moist condition, beginning at an extension of approximately 25 per cent, a new periodicity becomes apparent, which, with increasing extension, ultimately predominates. This has a characteristic period of 3.4 A with a side spacing of 9.8 A. The phenomena are, to a considerable extent, reversible and, under special conditions, extensions as great as 100 per cent can be obtained. Astbury and Woods speak of normal wool fiber as a-keratin, the stretched form being ,3-keratin.
A study of the possible atomic linkages in the protein with the assistance of structure models suggested an explanation of many of the observations. The protein molecule may be regarded as consisting essentially of a chain of amino acids in peptide union. The CO and NH groups at the openings of the six-membered loops approach very near to each other, and it may be supposed that secondary valence forces operate between them, thereby conferring a measure of stability on the system. These loops are, in effect, diketopiperazine rings, configurations that have long been considered in various speculations upon protein structure37.
This system provides an explanation of certain of the X-ray data. There is a repetition of symmetrically disposed groups and these recur at a distance comparable to the analogous hexagonal structures of cellulose, in which the successive groups are linked through oxygen, and which also reveal a spacing in the X-ray diagrams of 5. loosening effect upon the whole system that results from this, can be accounted for if it be supposed that the absorbed molecules become attached in a direction perpendicular to the plane of the hexagons. The facts that wool fiber, under certain circumstances, can be stretched 100 per cent, and at the same time the periodicity of the atomic structure changes from 5.15 A to 3.4 A, find their explanation in a structural formula that develops from that already described, if tension be applied at the ends and free rotation of the links connecting the atoms be permitted. A representation of this formula is shown in Diagram 3. Two symmetrically placed nitrogen atoms in the loop formula are marked with asterisks to draw attention to the magnitude of the elongation that can occur. In the second formula there is a regularly repeated structure, but the length of the units is obviously shorter than that in the looped formula; this correlates with the spacing of 3. 4 A observed in stretched wool. The most significant result, however, is that two atoms which, in the formula of the normal wool are at a distance of 5.15 A are, in the formula of the stretched wool, at a distance of 3 X 3.4 or 10.2 A. The elongation is therefore approximately 100 per cent and corresponds exactly to the elongation of wool fibers that can be obtained under the most favorable conditions. These two formulations account for the behavior of wool with respect to elongation and also explain why silk does not show the same long-range elasticity as wool. Silk fiber in the normal condition shows a periodicity of 3.5 A, and X-ray diagrams of silk and of stretched wool are dosely similar. It may be supposed, therefore, that silk normally occurs in the so-called p-form and possesses a structure that corresponds to that of stretched wool.
Astbury and Woods4 have extended this view of the constitution of wool in an attempt to account for the regularities in the molecular weight of proteins observed by Svedberg. Provided the magnitude of Svedberg's "unit", 34,500, can be satisfactorily explained, the rest "may be merely another aspect of that grouping of molecules which is called crystalline." The crux of the problem is to account for the absence of the number four from Svedberg's rule. This follows at once from a consideration of the peculiar chemical properties of the peptide chain. If it be assumed that neighboring peptide chains are held in relative position more or less rigidly by secondary valence forces emanating from the CO and NH groups, four and only four arrangements of such chains are available from crystallographic considerations. Three of these may be formulated as in Diagram 4, the fourth being too complex for dear presentation. Formula 1 represents the simple chain that may be supposed to occur in the proteins of molecular weight 34,500 (egg albumin, Bence-Jones protein, insulin). Formula 2 represents two opposed chains linked together by partial valencies, and may be supposed to represent the proteins of molecular weight 68,000 (hemoglobin, serum albumin). Formula 3 represents three chains pointing in the same direction but arranged in a threefold screw. The fourth possibility consists of two threefold screw structures, one set being in the opposite direction to the other, the two sets being mutually interlocked. Each of these four types of molecular structure has its analogues in the field of crystallography, the fourth being the known structure of crystalline quartz.
There is no way in which four, or five peptide chains can be combined into a stable crystallographic unit; these considerations there-fore account in a striking manner for the Svedberg If it be supposed that a peptide chain is being lengthened during the synthesis of the protein it seems obvious that some factor must eventually operate to limit the final length that can be attained. They suppose that this factor is the vibrational instability of the structure, the ultimate possible weight of the chain being determined by the maximum length consistent with stability. They point out that, in the case of the fibrous proteins, the probability of disrupture increases with length.
On this basis there is no reason to suppose that different proteins will be made up of units of identical molecular weight; in fact, the molecular weights should not be strictly constant and this indeed is the case. But there is a strong probability that many proteins will be formed of units of roughly constant weight. This speculation is supported by a calculation of the probable size of the units. The average molecular weight of the amino acids found in wool is 121 and three of these occupy a space of 5.15 A in the chain. The length of chain which would correspond with a molecular weight of 34,500 is therefore approximately 500 A. It so happens that this is about the minimum magnitude from which diffraction effects can be observed in the X-ray spectrograph. Furthermore, observations upon hairs that have developed pronounced permanent decay of tension yield poorly defined photographs. This is consistent with the view that the units in wool actually have a chain length not far from 500 A.
The actual size of protein molecules in solution, as estimated by Svedberg, is of a considerably smaller order of magnitude. He has found that the ovalbumin molecule behaves like a sphere of 2.17 mp radius. This corresponds to a diameter of 43 A and is far below the minimum size necessary for the observation of a diffraction pattern. The molecules of edestin, and of the other vegetable globulins that behave as if they were spheres, have radii of 3.94 m>; these molecules therefore have a diameter of approximately 80 A. The actual dimensions of the molecule in solution, however, imply nothing with regard to the length of the peptide chains of the units from which the molecules are formed. As Sorensen has pointed out'9, "such Jong peptide chains doubtless will be flexible and apt to roll themselves up by reason of the cohesion forces by which the various parts of the polypeptide chain attract each other". The X-ray spectra are phenomena observed with fibrous and with crystalline substances only.
Proteins as Reversibly Dissociable Systems of Components. For many years Sorensen and his collaborators have sought for criteria whereby proteins can be characterized and, among the many properties they have studied, the solubility, under known conditions of salt content, hydrogen-ion activity, protein concentration, and temperature, has been found to yield the most generally useful results. Sorensen's earlier work on the solubility of egg albumin"8 showed that the crystals that separate, under suitable conditions, are hydrated; water is therefore removed during crystallization and the salt concentration in the mother-liquor is changed. It was found possible, nevertheless, to arrange the conditions of the experiment so that the final concentration of salt and the hydrogen-ion activity should be under control, after crystallization was complete and equilibrium had been reached; a series of experiments in which these factors were held constant, while the total quantity of protein in the system was varied, should then be strictly comparable. In his more recent work S6rensen" has extended the observations on solubility to a number of other proteins with due attention to the proper adjustment of the conditions of the experiments. In all cases the solubility of the protein varied according to the total quantity present in the system. Egg albumin showed this effect to an appreciable extent, but with serum albumin, serum globulin, casein, and gliadin, the results were striking; the solubility increased materially as the total quantity of protein present was increased.
Elaborate fractionation of these proteins showed that not only could fractions of different solubility be obtained, but that the chemical composition of the fractions differed appreciably. The fractions secured from the albumins preserved the properties of the original protein with respect to their capacity to crystallize and showed no evidence of hydrolysis. Less definite evidence of the absence of chemical change could be secured for fractions of the non-crystalline proteins, but, in all cases, the fractionation was shown to be reversible. The reconstituted protein obtained by reuniting the several fractions was indistinguishable from the original material in acid or base binding capacity, composition, viscosity or with respect to any other property.
These experiments have led Sorensen to propose a new view of the composition of proteins. He believes that, even after elaborate purification, proteins cannot be regarded as homogeneous, but that they are rather to be looked upon as reversibly dissociable systems of components. The components differ in minor respects from each other, and the protein in its native state in solution is something quite other than the solid material secured by precipitation procedures. The separation of a crop of serum albumin crystals, for example, merely means that certain of the components in the serum can combine, probably by means of residual valencies, into a product that is insoluble under the imposed conditions. An increase in the salt content of the mother-liquor may then bring about the precipitation of a second and slightly different combination of components. No hard and fast line exists between such a system and one that is frankly a mixture. In complex protein solutions, such as blood serum, egg white, or milk, several different component systems are present, and between these there is an equilibrium that is entirely dependent on the conditions. This equilibrium is readily and reversibly altered by changes in the composition of the solvent.
According to this view such old distinctions as those between euglobulin, pseudoglobulin, and serum albumin tend to disappear, isolated protein preparations become more clearly artifacts, and such confusing observations as those on the different chemical composition and molecular weight of fractions obtained from casein, or of the different viscosities of fractions prepared from gliadin, receive a rational explanation.
Sorensen's experimental data in support of this view consist largely of solubility determinations so conducted that the composition of the final mother-liquor is constant, the total protein concentration at the start being varied. He obtains the value of the ratio The close correspondence between these views of Sorensen and some of the experimental results and speculations that are detailed in the preceding pages will be at once apparent. Sorensen has, himself, pointed out the relationship between his results and those of Svedberg. Egg albumin, the molecular weight of which is approximately 34,500, shows little dissociation tendency, and also has a wide range of stability when tested at different hydrogen-ion activities in the ultracentrifuge. This suggests that Sorensen's components have a molecular weight approximating that of the smallest proteins. Sorensen's extensive studies of egg albumin have all led to the view that this protein is a chemical unit, and he states clearly that the notion that it consists of a reversibly dissociable system is to no small extent due to his experience with other proteins. But with the serum proteins, casein, and gliadin, the case is quite different. Here the evidence for reversible dissociation is exceptionally clear, and here also the ultracentrifuge experiments point to the probability of reversible dissociation under certain conditions. On the whole, then, Sorensen's views furnish a striking interpretation of the experimental results of Svedberg.
During the past few years we have learned to view the problem of protein structure in a decidedly different way. The conception of a definite and invariable molecule of enormous, but only roughly estimated size is gone. So, also, is the notion that repeated fractionation and precipitation necessarily results in a "purification" of the protein. Dry preparations of proteins are recognized to be artifacts which represent what was, perhaps, only a passing phase of the events that take place in the protein solution. The idea of dynamic equilibrium between components replaces the former idea of a simple solution; further investigation will ultimately reveal the details of the chemical nature of these components and provide experimental evidence for the kind of union that occurs between them.
The idea that proteins are complexes made up of units held together by partial valencies is not entirely new; Abderhalden has for years sought evidence in its favor. Abderhalden thought that the units, which he termed "elementary complexes", were formed in part, at least, of diketopiperazine rings'. Bergmann5 has likewise emphasized the importance of combinations, by means of secondary valencies, between the "individual groups" which make up the protein complex, and Meyer"3 speaks of the units as "mixed micelles" that consist of main-valency chains united to each other in a similar fashion.
Sorensen's view differs from these in his clearer appreciation of the molecular magnitudes involved and in the firmer experimental basis upon which his hypothesis rests. It is by far the most comprehensive speculation upon the nature of the protein that has yet been advanced and represents a true and logical development of the best thought and experimentation of the past. 
